In order to study FtsJ, we cloned, overexpressed, and those heat shock proteins that are strongly induced. purified the 23.3 kDa FtsJ protein from E. coli to apparent Our strategy is to combine three-dimensional structure homogeneity. Analysis of the spectral properties of FtsJ determination and biochemical analysis of cell function revealed the presence of a tightly bound cofactor with under both normal and stress conditions. The highly an apparent absorption maximum of 260 nm. Mass conserved nature of these proteins suggests that our spectrometry and gel filtration studies identified this cofactor as AdoMet (data not shown).
Figure 1. FtsJ Is a Member of a Well-Conserved Heat Shock Protein Family

Twenty-nine sequences considered as FtsJ orthologs were aligned and six representative sequences are shown. FTSJ_ECOLI and FTSJ_METJA are the E. coli and Methanococcus jannaschii sequences from the SWISSPROT database. FTSJ_SCHPO is an open reading frame from Schizosaccharomyces pombe (NCBI GI:2956782) identified in the database as an FtsJ homolog. JM23_HUMAN is the JM23 protein from humans (NCBI CAA06749). ORF1_CAEL is an open reading frame from Caenorhabditis elegans (NCBI GI:5824584). ORF1_ARATH is an open reading frame from Arabidopsis thaliana (NCBI GI
four crystals obtained, one diffracted to 1.5 Å resolution and superposes with an rmsd of 1.97 Å for 109 C ␣ atoms judged structurally equivalent by LSQMAN (Kleywegt, and provided a relatively complete native data set to 1.7 Å resolution ( Table 1) . The structure was phased by 1997). VP39 contains a core domain that is homologous to FtsJ (rmsd ϭ 1.73 Å for 109 C ␣ atoms) but also conisomorphous replacement with derivative data collected from crystals soaked in HgCl 2 , uranyl acetate, and tains an ‫001ف‬ residue domain at the carboxyl end that folds over the surface of the core domain. The helix K 2 PtCl 4 solutions. Models for residues 30-209 were refined for both the native (1.7 Å resolution) and mercury found between ␤2 and ␤3 in catechol O-methyltransferase is replaced by a nonhelical crossover in both FtsJ (1.5 Å ) data sets with R factors of 0.191 (R free ϭ 0.238) and 0.182 (R free ϭ 0.218), respectively. Residues 1-29 and VP39. The ␣4 helices in FtsJ and VP39 are uniquely longer (seven and six turns, respectively), compared were not observed in the electron density maps, and amino-terminal sequencing of the protein confirmed that with the four turns observed in the catechol O-methyltransferase. This helix forms a prominent "tower" adjathese residues had been cleaved off during the crystallization. Figures 4A and 4D) . Second, VP39 has a narrow opening at the left end of the groove that 2552. It also confirmed our structural analysis that revealed a high structural similarity of FtsJ to the 2Ј-Opositions tyrosine and phenylalanine side chains to specifically stack with the methylated base of the 5Ј capped methyltransferase VP39. 23S rRNA modifications are generally known to occur substrate. Although FtsJ has a similar sized opening from the groove, it lacks the tyrosine and phenylalanine early in the maturation of 23S rRNA (Bjö rk, 1996), yet in vitro methylation of in vitro transcribed, naked 23S rRNA side chains.
The observations noted above regarding the size and with FtsJ was very inefficient ( Figure 5A ). The incorporation rate into 23S rRNA, however, improved substantially shape of the substrate binding groove, the similarity with VP39, and the conserved location of side chains when ribosomal subunits were used as substrates of FtsJ. As shown in Figure 5B , 50S ribosomal subunits poised to ligate negatively charged substrates such as RNA are all consistent with the hypothesis that FtsJ prepared from the ftsJ deletion strain showed substantial methyl incorporation. The incorporation of 0.06-0.1 might be a nucleic acid binding methyltransferase.
pmol methyl groups/pmol subunit/hr was significantly faster and at least 5 times more efficient than the methyl FtsJ Is an RNA-Specific Methyltransferase transfer reaction observed using in vitro transcribed To obtain clues as to the cellular function of FtsJ, we tRNA as substrate. The total methyl incorporation inexplored the potential substrate specificity of the methcreased to as much as 0.42 pmol methyl groups/pmol yltransferase reaction. Various RNA transcripts and DNA 50S subunits when only intact, mature 50S ribosomal were tested in vitro as methyl acceptors. To exclude subunits were used as substrate ( Figure 7B ; see below). false negative results due to prior methylation in vivo, Negligible methyl incorporation was observed into 50S a number of substrate RNAs were purified from in vitro subunits isolated from the wild-type strain HB24, inditranscription reactions. Plasmid DNA was generated cating that in vivo methylation of 23S rRNA by FtsJ goes from the ftsJ⌬567 deletion strain HB30 (Table 2) . Of the to near completion ( Figure 5B ). in vitro transcribed nucleic acids tested, tRNA showed the highest methyl incorporation when incubated with FtsJ ( Figure 5A ). Neither mRNA, 16S rRNA, nor DNA FtsJ Is Important for Cell Growth To determine the role of FtsJ's methyltransferase activshowed detectable methyl incorporation ( Figure 5A , data not shown). A small but significant amount of ity in vivo, an in-frame deletion ftsJ⌬567 was constructed. The deletion of ftsJ led to a severe growth methyl incorporation was observed when in vitro transcribed 23S rRNA was tested as a substrate ( Figure 5A ). defect in E. coli under all temperature and growth conditions tested. The ftsJ⌬567 deletion mutant failed to form To determine the in vivo methylation target of FtsJ, both bulk tRNA and 23S rRNA from wild-type and ftsJ deletion single colonies on plates after 24 hr of growth ( Figure  6 ). In liquid media, the ftsJ deletion strain grew at least strains were prepared, digested into the nucleosides, and analyzed using reverse-phase HPLC chromatogra-4-fold more slowly than the isogenic wild-type (WT) strain when grown over a wide range of temperatures. phy. We detected no unambiguous difference in the elution profiles of tRNA nucleosides prepared from wildThese results strongly suggested that FtsJ plays a vital role under normal growth temperatures. The fact that a type and ftsJ deletion strains. Since only certain tRNAs plasmid just containing the ftsJ open reading frame was more than 2ЊC when compared to an isogenic WT strain on temperature gradient plates. Moreover, while wildcapable of complementing the growth defect of ftsJ⌬567 deletion strains showed that the observed phetype E. coli cells responded to heat shock temperatures (43ЊC) with an immediate increase in growth rate, notype was the direct effect of the ftsJ deletion and was not due to polarity on downstream genes (Figure 6 ). ftsJ⌬567 deletion strains failed to adjust their growth rate for more than 90 min after exposure to heat shock Null mutants in a number of other heat shock proteins such as DnaK, DnaJ, and HtpG have a decreased maxitemperatures. These experiments suggested that FtsJ mediates an important growth-determining step in E. mal growth temperature, suggesting that their function becomes essential at high temperatures (reviewed by coli, which is also essential for the fast adaptation to temperature shifts. In this way, it is similar to many Gross, 1996). ftsJ⌬567 deletion strains show a similar temperature-sensitive phenotype. The maximum growth other heat shock proteins that play important roles both before and after heat shock. temperature of the ftsJ deletion strains decreased by 
FtsJ Is Not Involved in Cell Division
associated 70S ribosomes, the wild-type strain HB24 showed a typical polysome profile ( Figure 7A ). Minor FtsJ did not appear to be involved in cell division as originally postulated by Ogura and coworkers (1991) amounts of 50S and 30S ribosomal subunits, major amounts of intact 70S ribosomes, and messenger RNA since under all growth conditions tested, the cell morphology of the ftsJ⌬567 mutant was very similar to the harboring 2ϫ, 3ϫ, and multiple ribosomes bound were detected. Strains deleted for ftsJ, on the other hand, WT control. Their observation of an fts (filamentous temperature sensitive) phenotype in their ftsJ-deletion showed a dramatically altered ribosome profile ( Figure  7A ). They show a substantial increase in the amount strains could not be reproduced by us and may have been due to polarity of the kanamycin resistance inserof unassembled 30S and 50S subunits, a significant decrease in intact 70S ribosomes, and only trace quantition mutation constructed by Ogura et al. on the downstream ftsH gene. Our mutation was an in-frame deletion ties of actively translating messenger RNA with multiple ribosomes bound. Deletion of the methyltransferase designed to minimize polarity effects.
FtsJ causes a very severe ribosome assembly or stability defect that could explain the severe growth defect of ftsJ Deletion Strains Show a Severe ftsJ mutant strains. Under stringent magnesium condiRibosome Defect tions (1 mM) where 70S ribosomes are known to dissociTo evaluate the role of FtsJ's methyltransfer reaction in ate into 30S and 50S ribosomal subunits, ‫04ف‬S (I) partithe cell, polysome profiles of ftsJ deletion strain HB23 cles accumulated in the polysome profile of the ftsJ and the wild-type strain HB24 were analyzed. This analydeletion strains in expense of mature 50S ribosomal sis revealed a major ribosome defect in ftsJ deletion subunits. Hybridization experiments of the respective strains. Under nonstringent magnesium concentrations (10 mM), conditions that stabilize both loosely and tightly fractions of the polysome profiles with DNA probes for treated with the RNase inhibitor RNaseIn (Promega) immediately after cell lysis and prior to the gradient runs. The magnesium and salt conditions chosen for the gradients allowed the separation of 30S from the ‫04ف‬S particle and from the fully assembled 50S ribosomal subunits as confirmed by dot blot hybridization experiments with 16S and 23S DNA probes ( Figure 7B ). Under these conditions, no significant degradation pattern occurred in 23S rRNA prepared from ‫04ف‬S particles or 50S subunits (data not shown). As shown in Figure 7B , the highest methyl incorporation was observed when the mature 50S ribosomal subunit was tested as in vitro substrate. The incorporation rate was at least 4-fold higher than the methyl incorporation into ‫04ف‬S ribosomal particles. FtsJ was unable to significantly methylate naked 23S rRNA or 23S rRNA in ‫04ف‬S ribosomal particles that accumulated under low magnesium conditions but does efficiently methylate 23S rRNA in mature 50S subunits. The classical biochemical approach to identify enzymes has been the fractionation of cell extracts and the purifition either as molecular chaperones or as proteases (Gross, 1996). However, the recent discovery and funccation of enzymes based on activity. This approach is clearly limited to enzymes with rather high specific activtional analysis of several E. coli heat shock proteins has revealed functions that significantly alter this paradigm. ity whose substrates are known. The fact that about 30% of all open reading frames, even in well-characterized We have shown that FtsJ, a well-conserved heat shock protein, is structurally related to methyltransferases and organisms like E. coli, lack any assigned function, suggests that innovative approaches are necessary to comis involved in 23S rRNA methylation in the cell. heat shock proteins implicated in RNA metabolism, two rRNA and/or detects the tertiary structure assumed by are now known to be involved in ribosome assembly or the 23S RNA in the context of the 50S subunit will necesstability. Hsp15, a very abundant 23S rRNA binding heat sitate a structure of FtsJ bound to an appropriate oligoshock protein, appears to be involved in recognition and nucleotide or the 50S ribosome itself. Our studies sugrepair of 50S ribosomal particles that are a product of gest that the amino-terminal 30 residues not visualized erroneous dissociation of elongating ribosomes prior to in our structure might fulfill part of this role. In vitro transcriptions of 16S, 23S rRNA, and hslR were performed using the MEGAscript T7 in vitro transcription kit (Ambion) according ductases containing the structurally related Rossmann fold were to the manufacturer's protocol. The RNA transcripts were purified for crystal growth expertise, to Jaqueline Tan for phenotypical studies, and to Stacie Novakovic for excellent technical assistance. We using the RNeasy RNA kit (Qiagen) according to the manufacturer's protocol. RNA concentrations were determined using an extinction thank Drs. David Engelke, George Garcia, Rachel Green, Kate Noon, and Rainer Jaenicke for many helpful discussions. This work was of 1.0 (A 260 ) for a 40 g/ml solution. Unmodified B. subtilis tRNA
